Adipose tissue is one of the promising sources of multipotent stem cells in human. Human multipotent adipose-derived stem (hMADS) cells have recently been isolated and showed differentiation potential into multiple mesenchymal lineages in vitro and in vivo. On the basis of these evidences, we examined the therapeutic efficacy of hMADS cells for fracture healing in an immunodeficient rat femur non-union fracture model. Local transplantation of hMADS cells radiographically and histologically promoted fracture healing with significant improvement of biomechanical function at the fracture sites compared with local transplantation of human fibroblasts (hFB) or PBS administration. Histological capillary density and physiological blood flow by laser Doppler perfusion imaging were significantly greater in hMADS group than hFB and PBS groups. Expressions of intrinsic (rat) bone morphogenetic protein-2 (BMP-2), vascular endothelial growth factor (VEGF) and angiopoietin-1 in peri-fracture tissue were upregulated in hMADS group than other groups. In addition, presence of BMP-2 or VEGF activated the proliferation and migration of hMADS cells in vitro. These results indicate that hMADS cells stimulate the interaction between the transplanted cells and the resident cells stronger than other cells, and they promote fracture healing more effectively. Furthermore, immunohistochemistry for human-specific antibodies revealed direct differentiation of hMADS cells into osteoblasts or endothelial cells in newly formed callus or vasculature, respectively. RT-PCR for human-specific primers for osteogenic/endothelial markers also disclosed osteogenic and vasculogenic plasticity of the transplanted hMADS cells at the early stage of fracture healing. The present results suggest that transplantation of hMADS cells may become a useful strategy for cell-based bone regeneration in the future clinical setting.
Over the past three decades, bone marrow stromal cells (BMSCs) have been used as a popular cell source for regenerative medicine research. 1, 2 However, the isolation of BMSCs frequently yields a low number of stem cells and the isolation procedure is invasive for donors or patients. In contrast, adipose tissue has recently been identified as one of the alternative sources of multipotent resident stem cells [3] [4] [5] in human. Especially, white adipose tissue can be obtained from large reservoir in human, and resident stem cells are easily collected from white adipose tissue with the ability to differentiate into multiple mesenchymal lineages. [3] [4] [5] [6] As Green et al 7 reported that adipose tissue contains 'Preadipocytes' in 1974, a number of investigations have been reported regarding adipose tissue-derived stem/progenitor cells, so-called 'adipose-derived stromal cells (ADSCs). [3] [4] [5] 8 Other adipogenic cell populations 3, 9, 10 have also been established with the multipotency of differentiation into not only mesenchymal lineage cells such as osteoblasts, 11, 12 chondrocytes, 11, 13, 14 myocytes, 12 cardiomyocytes, 15 fibroblasts 3 and adipocytes 12 but also vascular lineage cells 15, 16 such as endothelial, smooth muscle and circulating blood cells in stromal vascular fraction (SVF) isolated from adipose tissue. Among the variety of ADSCs, human multipotent adipose-derived stem (hMADS) cells 6 isolated from young donors show fast adherent cell characteristics in culture and have more extensive expansion capacity ex vivo over 200 passages. 6 The hMADS cells also positively express mesenchymal cell surface markers such as CD44, CD49b, CD105 and CD13, and are negative for hematopoietic and endothelial markers, CD34 and CD31. 6 This multilineage differentiation potential for adipogenesis, osteogenesis and myogenesis in hMADS cells is accompanied with telomerase activity and normal karyotypes resulting in long-term engraftment, 6 which leads to abundant tissue regeneration capacity. In fact, it has already been reported that transplantation of hMADS cells into skeletal muscle of the nonimmunocompromised mdx mice, an animal model of Duchenne muscular dystrophy, revealed long-term engraftment of the hMADS cells and efficient regeneration of myofibers expressing human dystrophin. 12 However, therapeutic potential of hMADS cells for other diseases has not yet been explored. Therefore, we focused on the application of hMADS cells to fracture healing based on hMADS cells' multi-differentiation capability, especially into osteogenic and vasculogenic lineages.
As 5-10 percent of fractures result in non-union, causing serious problems in the patients' quality of life, establishment of novel therapeutic strategy for the non-union healing is clinically warranted. Insufficient blood supply to the fracture site is one of the major negative factors for the lack of new bone formation resulting in non-union fracture. [17] [18] [19] [20] For example, a part of distal tibia and scaphoid fractures belong to the high-risk group of non-union fracture, which is clinically observed as fracture in hypo-vascular lesions. As collaboration of neovascularization and osteogenesis has been reported to be a key event in the fracture healing, 17, 21 stem/progenitor cell-based therapy 22, 23 is one of the topical interests in this field.
In this study, we induced non-union fractures in nude rats and treated them with local administrations of hMADS cells, human skin fibroblasts (hFB) as a cellular control or PBS. We investigated our hypothesis that hMADS cell transplantation could have more therapeutic potential for fracture healing than the other treatments through direct contribution to tissue regeneration by differentiating into osteogenic and vasculogenic lineage cells. We also explored the paracrine effect of transplanted hMADS cells on secretion of intrinsic pro-angiogenic/-osteogenic cytokines in the resident cells.
MATERIALS AND METHODS
Preparation of hMADS Cells and Human Skin Fibroblasts hMADS cells were provided from Stem Cell Sciences K.K. (Kobe, Hyogo, Japan). The cells were isolated from adipose tissue of young donors (less than 7 years old) as surgical scrap specimens of various surgeries at Nice University Center Hospital as described previously. 12 Briefly, 200 mg/ml adipose tissue was dissociated for 5-10 min in Dulbecco's Modified Eagle's Medium (DMEM) (Invitrogen, CA, USA) containing antibiotics, 2 mg/ml collagenase and 20 mg/ml fetal bovine serum (FBS). The SVF containing adipose precursor cells was pelleted by centrifugation. The SVF pellet was seeded on culture plate and cultured in 10% FBS/DMEM. The fast-adherent cells were collected within 12 h as hMADS cells and expanded by Stem Cell Sciences K.K. The informed consent was obtained from parents of the young donors. hFB obtained from a healthy donor (51-year-old, Chinese female) were purchased from LONZA (Basel, Switzerland).
Surgical Procedure
Female F344/N-rnu nude rats (CLEA Japan, Tokyo, Japan) aged 8-10 weeks and weighing 150-170 g were used in this study. All experimental procedures were conducted in accordance with the Japanese Physiological Society Guidelines for the Care and Use of Laboratory Animals and the study protocol was approved by the Ethical Committee in Institute of Biomedical Research and Innovation. Anesthesia was induced by intraperitoneal administration of a ketamine hydrochloride (60 mg/kg) and xylazine hydrochloride (10 mg/kg) mixture. Non-healing femoral fractures were induced in all animals by cauterizing periosteum around the fracture site with a modification of the original method 24 as described previously. 25, 26 Immediately after fracture induction, rats received local transplantation of hMADS cells (1 Â 10 5 ) or hFB (1 Â 10
5
) suspended in 100 ml of PBS with atelocollagen gel (KOKEN, Tokyo, Japan), which is bovinederived bioscaffold (hMADS group, n ¼ 20; hFB group, n ¼ 20). The same amount of PBS with atelocollagen gel (PBS group, n ¼ 20) and the contra-lateral side with an unfractured femur were used as controls for histological and functional analyses, respectively. Rats were euthanized with an overdose of ketamine and xylazine for biomechanical and histological analyses in the indicated time course described below. The femurs were directly frozen for biomechanical analysis, whereas those for histological analysis were embedded in OCT compound, snap frozen in liquid nitrogen and stored at À801C.
Radiological Assessment
Rats were fixed in supine position under anesthesia and radiographs of the fractured hindlimbs were serially taken at week 0, 2, 4 and 8 post fracture. Fracture union was identified by the presence of bridging callus on 2 cortices. Radiographs of each animal were examined by three observers blinded to treatment. To evaluate the fracture healing process, relative callus areas around fracture sites in scanned radiographs at each time point were quantified using the NIH Image software (National Institutes of Health, Bethesda, MD, USA).
Histological Assessments of Fracture Sites
Samples were sectioned at 6 mm thickness on slides followed by fixation with 4% paraformaldehyde at 41C for 5 min. Histological evaluations were performed with hematoxylin and eosin (HE) staining or toluidine blue staining to address hMADS cells accelerate fracture healing T Shoji et al the process of endochondral ossification on week 2, 4 and 8. The degree of fracture healing was evaluated using the fivepoint scale (grade 0-4) proposed by Allen et al. 27 Vascularity of soft tissue sections in peri-fracture sites were evaluated by histochemical staining with FITC-conjugated isolectin B4 (ILB4) (Vector Laboratories, CA, USA) to detect rat endothelial cells (capillaries) at week 2 post fracture. The number of capillaries was counted under fluorescent microscope at four randomly selected fields in each section and averaged.
Laser Doppler Perfusion Imaging (LDPI) LDPI system 28, 29 (Moor Instrument, DE, USA) was used to measure serial blood flow in the hindlimbs over the healing course of 3 weeks post fracture according to the manufacturer's instructions. Rats were fixed in spine position under anesthesia. At first, we palpated the femoral fracture site under the skin and pasted a small stainless steel marker on the skin above the fracture site (On the contra-lateral intact limb, we pasted a marker on the center of the femoral bone). The steel marker was scanned as a defect spot in the LDPI image and we recognized it as the center of the region of interest (ROI). The steel marker was removed and scanned again. Then we set the ROI squares on the second scanned image referring to the first scanned image with the marker's defect spot. The blood flow recovery following fracture was evaluated as the ratio of mean flux within the ROI in the fractured hind-limb to the same size ROI in the contralateral, intact hind-limb.
Biomechanical Analysis of Fracture Union
Four rats in each treatment group were used for biomechanical evaluation at week 8 post fracture. Fractured femurs and the contra-lateral non-fractured femurs were prepared and intaramedullary fixation pins were removed before the bending test. The standardized three-point bending test was performed using load torsion and bending tester 'MZ-500S' (Maruto Instrument, Tokyo, Japan). The bending force was applied with cross-head at a speed of 2 mm/min until rupture occurred. The ultimate stress (N), the extrinsic stiffness (N/mm) and the failure energy (N/mm) were interpreted and calculated from the load deflection curve. The relative ratio of the fractured (right) femur to non-fractured (left) femur was calculated in each group and averaged.
RT-PCR and Quantitative Real-Time RT-PCR Analysis Granulation tissues and callus tissues surrounding the fracture gaps were harvested at week 2 post fracture. Total RNA was isolated from the tissue using a Trizol kit (Life Technologies, CA, USA) according to the manufacturer's instructions. The first-strand cDNA was synthesized using a RNA LA PCR Kit Ver1.1 (TAKARA BIO, Shiga, Japan), and amplified by Taq DNA polymerase 'Advantage-GC cDNA PCR Kit' (Clontech, CA, USA) and 'AmpliTaq Gold DNA polymerase' (Applied Biosystems, CA, USA). PCR oligonucleotide primers were listed in Table 1 hCD31: human CD31, hVEcad: human vascular endothelial cadherin, hOC: human osteocalcin, hCol1: human collagen 1 alpha 1, hGAPDH: human glyceraldehyde-3-phosphate dehydrogenase, rGAPDH: rat glyceraldehyde-3-phosphate dehydrogenase, rVEGF: rat vascular endothelial growth factor, rANG-1: rat angiopoietin-1, rBMP-2: rat bone morphogenetic protein-2, bp: base pair.
hMADS cells accelerate fracture healing T Shoji et al 721C. Human umbilical vein endothelial cells and normal human osteoblasts (hOBs) (Cambrex, NJ, USA) were used as positive controls of human-specific endothelial and bonerelated genes, respectively. For quantitative real-time RT-PCR, the converted cDNA samples (2 ml) were amplified in triplicate by real-time PCR machine (ABI Prism 7700, Applied Biosystems, CA, USA) at a final volume of 20 ml using SYBR Green Master Mix reagent (Applied Biosystems) with gene-specific primers listed in Table 1 . Melting curve analysis was performed with Dissociation Curve software (Applied Biosystems) and the mean cycle threshold (C t ) values were used to calculate gene expressions with normalization to rat glyceraldehyde-3-phosphate (rGAPDH).
Cell Proliferation and Migration Assay
The proliferation activity of hMADS cells was examined using a Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's instructions. hMADS cells were seeded onto 96-well culture plates at a density of 5 Â 10 3 cells per well and cultured in DMEM containing 10% FBS. Then, cells were treated with 0, 5, 10, 50 or 100 ng/ml of recombinant human bone morphogenetic protein-2 (BMP-2) (R&D Systems) or recombinant human vascular endothelial growth factor (VEGF) (R&D Systems) for 48 h at 371C in 5% CO 2 . Optical density was measured using a plate reader at 450 nm wavelength. The migration activity was evaluated with a modified Boyden's chamber assay as described previously. 30 hMADS cells (5 Â 10 4 cells per well) were seeded onto upper chambers in 24-well Transwell culture plates (Corning Incorporated Life Science, MA, USA) and lower chambers were filled with DMEM with 10% FBS containing BMP-2 or VEGF (0, 5, 10, 50 or 100 ng/ml) followed by incubation for 6 h at 371C in 5% CO 2 . Migrated cells were stained with DAPI and counted in four high-power fields ( Â 200) per chamber under a fluorescent microscope and averaged.
Immunofluorescent Staining
To identify the differentiation of transplanted hMADS cells in the rat tissue, immunohistochemical analyses were performed at week 2, 4 and 8 with the following antibodies and lectins. Anti-human osteocalcin (hOC) antibody (1:50 dilution, Biogenesis, NH, USA) was used to detect hOBs. FITC-conjugated ILB4 (1:100) was used as a sensitive marker for rat endothelial cells 31, 32 and biotinylated ulex europaeus agglutinin 1 (UEA1) (1:100, Vector Laboratories) as a sensitive marker for human endothelial cells (ECs). [33] [34] [35] Anti-human nuclear antigen (hNA) antibody (1:100, Millipore Corporation, MA, USA) was used as a universal marker for human cells. The secondary antibodies for each immunostaining were as follows; Cy3-conjugated goat anti-rabbit IgG (H þ L) (1:400, Jackson ImmunoResearch) for hOC, Alexa Fluor 594-streptavidin (1:200, Invitrogen, CA, USA) for UEA1 and Alexa Flour 594-goat anti-mouse IgG1 (1:200, Invitrogen) for hNA staining. DAPI solution (1:500, Sigma-Aldrich, MO, USA) was applied for 5 min for nuclear staining.
Statistical Analysis
All values were expressed as mean ± s.e.m. Unpaired t-tests (Mann-Whitney U-test) were performed for comparison between the two groups. The multiple comparisons among groups were made using the one-way analysis of variance followed by post hoc test with Tukey's procedure. The comparison of radiological results was performed with the w 2 -test. The analyses were performed using a statistical software package 'JMP 6.0' (SAS Institute, NC, USA). A probability value o0.05 was considered to denote statistical significance.
RESULTS hMADS Cell Transplantation Accelerates Fracture Healing Radiographically and Histologically
Morphological fracture healing was evaluated by radiographical and histological examinations 8 weeks after surgery. Fractures were united radiographically with bridging callus formation in 9 out of 10 littermates in hMADS group and in 4 out of 10 littermates in hFB group. In contrast, fractures were united in only 1 littermate and 9 out of 10 failed to unite in the PBS group, which is consistent with the result of previous reports representing the natural course of this Figure 1 Radiographical and histological evidences of fracture healing following the cell transplantation. (a) Representative radiographs of fractured sites at week 0, 2, 4 and 8 in PBS, hFB and hMADS group (n ¼ 10 in each group and at each time point). At week 8, in 9 out of 10 animals receiving PBS showed no bridging callus formation and resulted in nonunion (this outcome was consistent with previous report showing the natural course of this animal model). In contrast, fractures radiographically healed and united with bridging callus formation in 4 out of 10 animals receiving hFB and in 9 out of 10 animals receiving hMADS cells (arrowheads show rat femur fracture sites). (b) The callus area was significantly larger in animals receiving hMADS cells than hFB and PBS throughout the time course of fracture healing (n ¼ 10 in each group and at each time point). *Po0.05 and **Po0.001. (c) Histological evaluation of endochondral ossification by toluidine blue staining. In PBS group, although a thick callus formation (black arrowheads) was observed at week 2, the healing process has halted by week 4 and finally the callus was absorbed and fracture fell into pseudoarthritis at week 8 (white arrowheads). In animals receiving hFB, although the callus formation was observed at week 4, fracture gaps (white arrowheads) were not filled with bridging callus at week 8. In contrast, a number of chondrocytes and newly formed trabecular bones were observed at week 2, with bridging callus formation at week 4 and complete union at week 8 (white arrowheads) in hMADS group. (d) Higher magnification images of toluidine blue staining. In PBS group, no newly formed trabecular bone nor endochondral ossification were observed through fracture healing process. In hFB group, small amount of callus formation and endochondral ossification were observed at week 2. But it stopped at week 4 and fracture gaps were not filled with new bone formation even at week 8. In hMADS group, progressive newly trabecular bones formation and endochondral ossification was observed from week 2. And fracture was completely united and remodeled with cortical bone at week 8. (e) The extent of fracture healing assessed by Allen's classification was significantly higher in hMADS group than hFB and PBS groups throughout the time course of fracture healing (n ¼ 5 in each group). *Po0.05 and **Po0.001.
hMADS (Figure 1a) . 26 Frequency of morphological fracture healing was significantly greater in hMADS group than hFB and PBS groups (Po0.05 for hMADS vs hFB or PBS group). Moreover, the callus area was significantly larger in hMADS group than hFB and PBS groups at all time points of fracture healing (2W: PBS, 1 (Figure 1b) . Fracture healing was also evaluated histologically by toluidine blue staining (Figure 1c and d) . In animals receiving hMADS cells, enhanced endochondral ossification and newly formed trabecular bone were observed at week 2, bridging callus formations were observed at week 4 and finally fractures were united completely at week 8. In animals receiving hFB, although the callus formations were observed at week 4, fracture gaps were not filled with bridging callus but with granulation tissues at week 8. Over half of fractures treated with hFB failed to unite completely in histological analysis. Moreover, in PBS group the callus formations were absorbed at week 8 and almost all fractures in PBS group have fallen into psedoarthritis. The degree of fracture healing assessed by Allen's classification 27 was significantly higher in hMADS group than hFB and the PBS groups at week 4 and 8 (2W: PBS, 1.0 ± 0.4; hFB, 1.4 ± 0.3; hMADS, 2.4 ± 0.2, respectively; NS for hMADS vs hFB group and hFB vs PBS group; Po0.05 for hMADS vs PBS group. 4W: PBS, 1.2 ± 0.4; hFB, 1.9 ± 0.2; hMADS, 3.1 ± 0.1, respectively; Po0.001 for hMADS vs PBS group; Po0.05 for hMADS vs hFB group; NS for hFB vs PBS group. 8W: PBS, 1.3±0.5; hFB, 2.4±0.3; hMADS, 3.9±0.1 respectively; Po0.001 for hMADS vs PBS group; Po0.05 for hMADS vs hFB group; NS for hFB vs PBS group) (Figure 1e ). These results indicate that local transplantation of hMADS cells accelerated morphological healing of the periosteumcauterized femoral fractures in nude rats and it is superior to the local transplantation of hFB.
hMADS Cell Transplantation Improved Blood Flow Recovery at Fracture Sites To evaluate local blood flow recovery via neovascularization at fracture sites, the hindlimbs were serially examined by LDPI system after surgery. LDPI analysis showed severely decreased blood perfusion at fracture sites 1 h after fracture creation (week 0) and during recovery at week 1, 2 and 3 in both groups (Figure 2a ). There was no significant difference in the blood flow ratio of fractured/intact (contra-lateral) hindlimbs 1 h after fracture creation among hMADS, hFB and PBS groups. This outcome indicates that the initial reductions of blood perfusion by surgery were even among the three groups. Although the final blood perfusion ratios at week 3 were at a similar level (PBS, 1.13 ± 0.01; hFB: 1.12 ± 0.01; hMADS, 1.10 ± 0.01, respectively; NS), the blood perfusion ratios were significantly higher in hMADS group compared with hFB and PBS groups at both 1 and 2 weeks after surgery (1W: PBS, 0.93±0.02; hFB, 1.02±0.01; hMADS, 1.13±0.01, respectively; Po0.001 for hMADS vs PBS group; Po0.05 for hMADS vs hFB and hFB vs PBS group. 2W: PBS, 1.10 ± 0.01; hFB, 1.13 ± 0.01; hMADS, 1.23 ± 0.02, respectively; Po0.001 for hMADS vs PBS group; Po0.05 for hMADS vs hFB group; NS for hFB vs PBS group) (Figure 2b ). These results indicate that local transplantation of hMADS cells contributes to early improvement of tissue perfusion at the fracture site.
hMADS Cells Enhanced Intrinsic Angiogenesis in Fracture Sites
Enhanced intrinsic angiogenesis as a paracrine effect of the transplanted cells on recipients' vasculature was confirmed by histochemical analysis. Histochemical staining with ILB4, a sensitive marker for rodent ECs, showed enhancement of neovascularization around the endochondral ossification area 2 weeks after surgery in hMADS group compared with hFB and PBS groups (Figure 2c ). Capillary density was significantly greater in hMADS group than other groups (PBS, 176.0 ± 4.8/mm 2 ; hFB, 228.0 ± 7.6; hMADS, 324.0 ± 9.9, respectively; Po0.001 for hMADS vs hFB or PBS group and hFB vs PBS group) (Figure 2d) .
To explore the underlying mechanism by which intrinsic osteogenesis and angiogenesis were enhanced following hMADS cell therapy, we assessed the expression of proangiogenic and -osteogenic cytokines in peri-fracture sites 2 weeks after surgery by real-time RT-PCR. Relative mRNA expressions of rat VEGF (rVEGF) and rat angiopoietin-1 (rANG1) to rGAPDH were significantly greater in hMADS group compared with other groups (rVEGF: PBS, 467.2±63.3; hFB, 675.9±22.2; hMADS, 1087.7±74.1, respectively; Po0.001 for hMADS vs PBS group; Po0.05 for hMADS vs hFB group; NS for hFB vs PBS group. rANG1: PBS, 205.3 ± 24.3; hFB, 273.6 ± 8.1; hMADS, 614.6 ± 48.5, respectively; Po0.001 for hMADS vs hFB or PBS group; NS for hFB vs PBS group). Furthermore, the relative mRNA expressions of rat BMP-2 (rBMP2) to rGAPDH were also greater in hMADS group than hFB and PBS groups (PBS, 114.2±12.7; hFB, 387.3±35.4; hMADS, 578.3±36.1, respectively; Po0.001 for hMADS vs PBS group and hFB vs PBS group; Po0.05 for hMADS vs hFB group) (Figure 2e ). These results suggest that hMADS cells, perhaps paracrinely enhance not only intrinsic angiogenesis but also osteogenesis in fracture sites via upregulation of pro-angiogenic and -osteogenic cytokines leading to rapid fracture healing with blood perfusion recovery and these potentials of hMADS cells were stronger than those of hFB.
Fractured Bone was Functionally Repaired by hMADS Cell Transplantation
To confirm the functional recovery of the fractured bone, biomechanical evaluation by a three-point bending test was performed at week 8 in all groups (n ¼ 5 in each group) (Figures  3a-d) . The specimen length was similar in PBS group (30.3±0.7 mm), hFB group (30.8±0.6 mm) and hMADS group (30.7±0.6 mm). The percent ratios of all parameters in the fractured femur vs contra-lateral intact femur were significantly superior in hMADS group over hFB and PBS groups (Percent ultimate stress: PBS, 32.7 ± 7.8%; hFB, 54.6 ± 2.6; hMADS, 80.0 ± 1.1, respectively; Po0.001 for hMADS vs PBS group; Po0.05 for hMADS vs hFB group and hFB vs PBS group. Percent extrinsic stiffness: PBS, 5.3 ± 0.7%; hFB, 42.7±7.4; hMADS, 85.0±2.2, respectively; Po0.001 for hMADS vs hFB or PBS group and hFB vs PBS group. Percent hMADS cells accelerate fracture healing T Shoji et al failure energy: PBS, 21.4 ± 1.5%; hFB, 63.4 ± 0.7; hMADS, 80.5 ± 3.5, respectively; Po0.001 for hMADS vs PBS group and hFB vs PBS group; Po0.05 for hMADS vs hFB group) ( Figure   3e ). These findings indicate that incomplete union following periosteum cauterized-femoral fractures are functionally repaired by hMADS cell transplantation in nude rats. (a) Representative laser Doppler perfusion imaging (LDPI) at week 0 (1 h after fracture), 1, 2 and 3 in each group. In these digital color-coded images, maximum perfusion values are indicated in white, medium values in green to yellow and lowest values in dark blue. The blood flow within fracture sites (red square) and intact contra-lateral sites (white square) was measured as mean flux, and the ratio of mean flux in fracture sites to that in contra-lateral sites was calculated and averaged. (b) Quantitative analyses of local blood perfusion indicates similar reduction of blood flow 1 h after fracture with periosteum cauterized (week 0) in all groups, whereas the mean flux ratios at week 1 and 2 were significantly higher in hMADS group compared with hFB and PBS groups. At week 3, the ratios were again similar in all groups (n ¼ 5 in each group and at each time point). *Po0.05 and **Po0.001. (c) Representative images of vascular staining with isolectin B4 (green) on tissue samples of peri-fracture sites at week 2. (d) Quantitative analysis of neovascularization. Capillary density at week 2 was significantly greater in hMADS group than hFB and PBS groups (n ¼ 5 in each group). **Po0.001. (e) Gene expressions of intrinsic cytokines for angiogenesis and osteogenesis in peri-fracture sites 2 weeks after surgery. Relative mRNA expressions of rat vascular endothelial growth factor (rVEGF), rat angiopoietin-1 (rANG1) and rat bone morphologic protein-2 (rBMP2) to rat glyceraldehyde-3-phosphate dehydrogenase (rGAPDH) were significantly greater in hMADS group than hFB and PBS groups (n ¼ 5 in each group). *Po0.05 and **Po0.001. 1 1 5 1 2 0 1 2 5 1 3 0 1 3 5 1 4 0 1 4 5 1 5 0 1 6 0 1 6 5 1 7 0 1 7 5 1 8 
Osteo/Angiogenic Cytokines Stimulate hMADS Cell Proliferation and Migration Activities
Based on the upregulation of pro-angiogenic/-osteogenic cytokines at the fracture sites, we next examined the effects of BMP-2 and VEGF on hMADS cell functions mimicking the in vivo settings in vitro. The proliferation activity of hMADS cells was expressed as a mean optical density value at a wavelength of 450 nm. hMADS cells were incubated with BMP-2 or VEGF at a dose of 0, 5, 10, 50 or 100 ng/ml for 48 h. BMP-2 and VEGF significantly promoted hMADS cell proliferation activity peaking at 50 ng/ml in both experiments (5, 10, 50 and 100 vs 0 ng/ml: BMP-2, 0.74 ± 0.03, 0.83±0.03, 0.90±0.02 and 0.83±0.01 vs 0.66±0.02, Po0.05, o0.001, o0.001 and o0.001, respectively; VEGF, 0.72±0.03, 0.76±0.01, 0.85±0.01 and 0.83±0.01 vs 0.65 ± 0.01, P ¼ NS, o0.001, o0.001 and o0.001, respectively) (Figure 4a) .
The migration activity of hMADS cells was evaluated using a Transwell culture plate, and the migrated hMADS cells toward different concentrations of BMP-2 or VEGF were evaluated as the activity. BMP-2 significantly increased migration activity of hMADS peaking at 50 ng/ml (5, 10, 50 and 100 vs 0 ng/ml: 271.5 ± 14.6, 422.0 ± 14.5, 610.5 ± 11.9 and 391.3 ± 23.6 vs 152.5 ± 11.1 cells per mm 2 , Po0.001 in each group) (Figure 4b, left panel) . In addition, VEGF significantly increased the migration activity in a dose-dependent manner (5, 10, 50 and 100 vs 0 ng/ml: 266.3±19.2, 319.0±21.4, 452.3±18.2 and 455.3±20.8 vs 142.5±10.3 cells per mm 2 , Po0.05, o0.001, o0.001 and o0.001, respectively) ( Figure  4b, right panel) . These results suggest that transplanted hMADS cells may be functionally activated by secreted cytokines BMP-2 and VEGF in fracture sites.
Transplanted hMADS Cells Differentiate into Osteoblasts and Endothelial Cells
Finally, we characterized the phenotypes of transplanted hMADS cells by the immunofluorescent staining. To assess whether transplanted hMADS cells form neovasculatures or differentiate into osteoblasts (OBs) in fracture sites, ILB4, UEA1 lectin and antibodies for hOC were applied to the hMADS cells accelerate fracture healing T Shoji et al samples 2 weeks after surgery. hNA was also used as a universal marker for human cells. We identified ILB4-positive tubular structure in the granulation tissue surrounding the fracture gap as the rat vascular tissue, and we detected ILB4-negative/UEA1-positive cells within them as transplanted human cell-derived ECs. (Figure 5a ). hOBs were also detected as hNA and hOC double-positive cells in the endochondral ossification area at the peri-callus formation (Figure 5b ) suggesting that transplanted hMADS cells could differentiate into two different lineages, ECs and OBs. However, the differentiated human ECs and OBs were not observed in the samples at 4 and 8 weeks after surgery (data not shown).
Negative controls of rat tissue without human cell transplantation did not show any positive staining with the antihuman antibodies (data not shown). Next, we further confirmed the differentiation of transplanted hMADS cells into human endothelial and osteoblastic lineage cells in fracture sites by RT-PCR analysis. The expressions of human-specific bone-related markers, hOC and human collagen 1 alpha 1 (hCol1) and EC markers, human CD31 (hCD31) and human vascular endothelial cadherin (hVEcad), as well as human glyceraldehyde-3-phosphate dehydrogenase (hGAPDH) were confirmed in the hMADS cell transplanted fracture tissue 2 weeks after surgery (Figure 5c ). No human-specific genes were detected in the PBS group. These results suggest that hMADS cells could promote fracture healing via not only paracrine effects by upregulation of endogenous pro-angiogenic/-osteogenic cytokines but also differentiation into both EC and OB lineages in fracture sites at the early stage of fracture healing.
DISCUSSION
In this study, we showed that hMADS cell transplantation promoted radiographical ossification efficiently, and 90% of fractures healed by 8 weeks after surgery. This outcome was consistent with histological evaluation by Allen's classification. During the process of fracture healing after hMADS cell transplantation, enhancement of blood perfusion via neovascularization was also observed. These favorable effects of hMADS cells led to a functional recovery of the non-union fracture evidenced by biomechanical three-point bending test. To confirm whether these effects are specific for hMADS cells or not, we compared therapeutic potential of hMADS cells with that of hFB and PBS as cellular and non-cellular controls. In hMADS group, almost all parameters of fracture healing were significantly superior to those of hFB and PBS groups, suggesting that hMADS cells have the specific and potent effects for fracture healing.
Immunohistochemistry and RT-PCR for human-specific markers indicate that one of the mechanisms underlying the osteogenic and angiogenic effects of hMADS cells may be direct differentiation into osteoblastic and endothelial lineages. Several studies for tissue/organ regeneration with ADSCs have shown direct evidences of ADSCs differentiation into multiple lineage cells in vivo as well as in vitro. For instance, mouse ADSCs have been shown to differentiate into endothelial cells secreting potent angiogenic factors, such as VEGF and leptin when ADSCs were transplanted in mouse ischemic hindlimb. 16 Other reports represented osteogenic capability of ADSCs to heal critical-sized mouse calvarial defect, 36 the multipotency of ADSCs in cases of articular chondrocyte regeneration 37 and therapeutic repair of myocardial infarction. 38 On the other hand, several researchers reported that many types of cells including ADSCs contribute to the repair of skeletal muscle injury via not only direct differentiation into skeletal myocytes but also cell fusion with resident myotubes. [39] [40] [41] Proportional contribution of cell fusion to the fracture repair following hMADS cell transplantation would be investigated in the future studies.
In this study, paracrine effects of hMADS cells on resident cells were also proved by quantitative real-time RT-PCR for rat-specific primers for osteogenic and angiogenic cytokines. Interestingly, rBMP2 and rVEGF upregulated in the in vivo model enhanced the proliferation and the migration of hMADS cells in vitro. Such interaction between transplanted hMADS cells and resident cells would be critical for the repair of fracture sites. It is well known that adipose tissue can promote tissue regeneration through secretion of various cytokines. Previous reports revealed expression of angiogenic cytokines (HGF, VEGF), hematopoietic cytokines (G-CSF, SCF) and pro-inflammatory cytokines (IL-6, LIF, TNFa), [42] [43] [44] as well as secretion of hypoxia-inducible transcription factor (HIF) in fat-derived stem cells under a hypoxic condition. 45 As HIF-2a has been shown to be upregulated under a hypoxic condition in vitro, hMADS cells might also produce HIF which is one of the upstream molecules of VEGF and angiopoietin-1 signaling pathway. This hypothesis is based on the fact that the non-union fracture model used in this study was created with cauterizing periosteum, leading to an ischemic/hypoxic condition around the fracture sites (see LDPI findings). Therefore, expression of endogenous angiogenic cytokines, rVEGF and rANG1 might be upregulated by HIF produced by the transplanted hMADS cells in ischemic/hypoxic fracture sites. On the other hand, there was no evidence supporting the mechanisms by which how hMADS cells could upregulate endogenous rBMP2 secretion. It might be the secondary effect of hMADS cell transplantation, that is, intrinsic osteogenesis because of enhancement of neovascularization for blood flow recovery.
Recently, several lines of evidence have shown the therapeutic effects of total bone marrow cells or BMSCs 46-49 for fracture healing. However, such autologous cell therapies require a large number of cells to be collected from patients in clinical settings using an invasive procedure. In contrast, hMADS cells can be isolated from a small amount of adipose tissue easily harvested from donors including the patients themselves. hMADS cells also have advantages over BMSCs in terms of extensive expansion capacity 12 and immuneprivileged behavior 12 in addition to the similarly favorable effects regarding multi-lineage differentiation potential 6 and paracrine effects as in the BMSCs. [46] [47] [48] 50, 51 hMADS cells accelerate fracture healing T Shoji et al
To the best of our knowledge, this study first showed therapeutic potential of adipose-derived cells representing fast adherent characteristics with bioabsorbable scaffolds in an animal model of non-union fracture in the long bone. Moreover, our study indicated the advantages of hMADS cells due to their strong expansion capacity, RT-PCR analysis with samples isolated from hMADS cell-transplanted peri-fracture sites showed the expression of human-specific endothelial cell markers, human CD31 (hCD31) and human vascular endothelial cadherin (hVEcad); human-specific bone-related markers, hOC and human collagen type 1 alpha 1 (hCol1); human-specific glyceraldehyde-3-phosphate dehydrogenase (hGAPDH) and rat-specific glyceraldehyde-3-phosphate dehydrogenase (rGAPDH). Cultured human osteoblasts (hOBs) and human umbilical vein endothelial cells (HUVECs) were used for positive controls. Buffer loaded lanes were used for negative controls (blank). These characteristics of hMADS cells may give rise to a great advantage in clinical use for cell transplantation therapy.
Conclusion
The hMADS cells show a potent differentiation capacity into osteogenic and vasculogenic lineages at the early stage of fracture healing as well as paracrine effects for osteogenesis and angiogenesis in the fracture-induced environment. These potentials enable hMADS cells to make a remarkable contribution to morphological and functional fracture healing. Based on the above evidences, transplantation of autologous or allogenic hMADS cells would be clinically expected to be a feasible and powerful tool for the treatment of non-union in the near future.
